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Abstract 
Devils Lake, a terminal saline lake in eastern North Dakota, has experienced catastrophic 
flooding over the past two decades producing direct damages in excess of $1 billion ($USD).    
We use three long-term datasets to examine the temporal coherence between historical lake 
fluctuations and basic hydroclimatic drivers.  Monthly precipitation and mean monthly air 
temperature data are used to characterize long-term precipitation delivery and evaporative 
demand.  Monthly water balance data for a representative location is used to assess basin soil 
moisture conditions.  A lake volume time series documents lake volume fluctuation in response 
to long-term precipitation and regional soil moisture conditions.  Three variables are derived 
from the datasets, each characterizing a different aspect of the region’s hydroclimatology.  A 
rescaling technique is applied to each variable to examine the temporal coherence and relative 
patterns of the variables, and to identify distinct homogeneous hydroclimatic regimes during the 
historical period.  
The three rescaled variables show strong temporal coherence, and confirm 1980 as an 
abrupt transition year between two distinct long-term hydroclimatic modes.  Mode 1, a longer 
and drier phase, runs from 1907-1980, while mode 2, a shorter and wetter phase, extends from 
1981 to the present.   Multi-decadal and century-scale fluctuations between these two modes are 
the key drivers of long-term lake volume fluctuations, upon which interannual- and interdecadal-
scale climatic variability are superimposed.  The similar rates of change among the rescaled 
variables provides evidence in support of the conclusion that long-term natural 
hydroclimatological variability is the primary driver of observed lake volume changes at Devils 
Lake during the 20th Century, and provides a foundation upon which to evaluate the potential 
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contributing effects of anthropogenic climate change, and human alterations of the land use 
hydrology. 
Keywords Devils Lake; lake volume; lake flooding, hydroclimatic variability; terminal lake 
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1 Introduction  
Terminal lakes are unique and dynamic hydrological systems that can experience 
relatively rapid changes in water surface elevation, lake area, and lake volume due to fluctuating 
lake water sources and sinks (Street 1980; Mason et al. 1994; Williams 1996).  Because their 
water budget integrates multiple hydrological forcings, the paleolimnological record of lake-
level variability has been proposed as a natural proxy indicator of historical climatic variation 
(Mason et al. 1994, Williams 1996).  Terminal lakes are also sensitive to changes in basin 
hydrology, however, and their water budgets can be impacted by human alteration of basin land 
use/land cover, and human abstractions from or contributions to tributary discharge.  They 
require careful water management plans, and the assumed absence of human alteration of the 
lake water budget must be demonstrated before they can be used to monitor climate change 
(Williams 1996, 1998).  
 Devils Lake is a terminal saline lake in the Devils Lake closed sub-basin in eastern North 
Dakota (Fig. 1).  The lake has experienced catastrophic flooding over the past two decades 
(Larson 2012).  From 30 September 1992 to 30 September 2013 the lake level (LL, m) rose from 
433.62 to 442.75 m (Δ = 9.13 m), falling short of its ordinary high water mark of 444.40 m.  At 
this lake level it would spill through the Tolna Coulee into the Sheyenne River, and become part 
of the Red River of the North drainage basin.  During the same period, lake area (LA, km
2) 
expanded from 179.9 to 694.6 km2 (Δ = 286%), and lake volume (LV, km3) increased from 0.704 
to 4.003 km3 (Δ = 469%) (Fig. 2).  Direct federal and state payments for flood damages have 
exceeded $1 Billion ($USD); most of these expenditure have been for levee construction and 
levee raises to protect the City of Devils Lake, road raises and route alterations, and bridge raises 
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(Zheng et al. 2014).  Also included are over 500 property relocations and losses due to the 
absence of lakeshore management below the ordinary high water mark.   
 In an effort to control the rise of Devils Lake the State of North Dakota completed the 
first of two outlets in the summer of 2005. The capacity of this outlet, which artificially 
discharged water from the west end of Devils Lake to the Sheyenne River, was later expanded, 
and a second outlet with a greater capacity was completed in the summer of 2012.  Prior to water 
year 2012 both outlets discharged a maximum of only 0.069 km3 of water a year, which was an 
insignificant factor in the lake water balance.   
Although regional aspects of the Devils Lake flood hazard have been investigated 
(Todhunter and Rundquist 2004, 2008), the hydroclimatological basis of the more recent 
flooding has received less intensive examination (Vecchia 2008; Hoerling et al. 2010; Todhunter 
and Knish 2014).  Bluemle (1995) argues that natural hydroclimatological forcing of lake level 
variation at Devils Lake during the Holocene should be assumed until proven otherwise, but 
notes that, since the early 1980s, many local stakeholders have attributed the lake rise to local 
agricultural and wetland drainage.  Hydrological studies in the Upper Mississippi River Valley 
have shown that extensive agricultural land use/land cover change can have significant impacts 
upon runoff volume (Zhang et al. 2006; Tomer and Schilling 2009; Schilling et al. 2010). 
Furthermore, Drummond et al. (2012) have shown that the Northern Glaciated Plains ecoregion, 
which includes the Devils Lake basin, has experienced moderate levels of land cover change 
over the period 1973-2000. 
The purpose of this study is to examine multiple, long-term, hydroclimatological datasets 
to examine the link between natural hydroclimatological forcings and historical fluctuations in 
lake volume.  The analysis will determine whether the multiple datasets exhibit patterns that are 
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consistent in magnitude and temporal timing with one another, and will provide a foundation 
upon which future investigations of the effects of anthropogenic climate change, and 
atmospheric teleconnection patterns upon the historical lake volume changes may be evaluated.   
2 Background 
2.1 Long-term hydroclimatic variation in the northern Great Plains 
 Bluemle et al. (1999) reviewed the geological record of Devils Lake lake-level 
fluctuations during the late Holocene and concluded that the natural condition for the lake is to 
be either rising toward overflow to the neighboring Stump Lake or Sheyenne River, or falling 
toward desiccation as a dry lake bed.  He concluded that the lake had dried up completely five or 
six times and overflowed past the ordinary high water mark at least twice in the last 4,000 years. 
 Multiple paleolimnological indicators have been used to investigate Holocene climate 
variability of northern Great Plains saline lakes (Haskell et al. 1996; Fritz et al. 2000; Laird et al. 
2003; Shapley et al. 2005).  These studies use multiproxy indicators capturing decadal-scale 
temporal resolution of local climate to reconstruct long-term salinity fluctuations from which 
they infer variations in moisture availability.  A regionally coherent pattern exists of major 
changes in moisture regimes from wet to dry, or vice versa, that occurred after a period of 
relatively stable climatic conditions (Haskell et al. 1996).  The late Holocene contains large 
oscillations between longer duration and more frequent periods of high salinity-drier conditions, 
and shorter duration and more variable periods of low salinity-wetter conditions.  The transitions 
between high salinity/low salinity modes appear to be relatively rapid, suggesting large and 
abrupt transitions in the climatic drivers controlling moisture availability (Haskell et al. 1996; 
Laird et al. 2003).  The salinity changes also suggest a fluctuation between periods of greater or 
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lesser degrees of aridity, rather than between periods of wet and dry climatic conditions (Fritz et 
al. 2000).  Combining systematic, historical, and paleolimnological records can provide a more 
complete evaluation of long-term hydrological variability, which can aid and improve water 
management (Benito et al. 2004). 
 Climatic variations occur at various temporal scales ranging from interannual, 
interdecadal, multi-decadal, to centennial and longer.  The longer multi-decadal to century-scale 
variations appear to be driven by slower internal variations in the climatic system possessing 
small amplitude but long duration (Garbrecht and Rossel 2002).  Research on multi-decadal 
hydroclimatic variability in the United States has focused on quasiperiodic variations in sea 
surface temperature in the tropical Pacific Ocean (ENSO), eastern Pacific Ocean (PDO), and 
North Atlantic Ocean (AMO) (McCabe et al. 2004; McCabe and Wolock 2014). No single 
climatic index has emerged as a dominant driver for the northern Great Plains, and two or more 
indices may be in phase or out of phase with one another, at times weakening or reinforcing each 
index (Woodhouse et al. 2009).  Kluver and Leathers (2015) found no significant correlation 
between the frequency of significant snowfall events, an important determinant of snowfall 
amount and spring runoff into Devils Lake, and several teleconnection patterns in the Upper 
Midwest region.   
2.2 Basin and lake hydrology 
 The study site has a cold-dry climate classification according to the Thornthwaite climate 
classification system, with a continental climate marked by strong seasonality of precipitation 
and temperature (Grundstein 2008).  It experiences long, cold, dry winters and short, warm 
summers of variable wetness.  The average annual precipitation is 450 mm, and the average 
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annual temperature is 3.8°C.  More details on the regional climate are given in Jensen (1972) and 
Rosenberry (2003).  
Detailed hydrological investigations of the lake water balance and the hydroclimatology 
of the lake’s contributing upper basin are reported in Wiche (1986, 1992), Ryan and Wiche 
(1988), and Vecchia (2008).  Wiche and Pusc (1984) estimate that shallow ground water inflow 
from glacial till deposits surrounding the lake and deep ground water contributions to the lake 
are only 0.0037 km3 yr-1, and thus are not a significant factor in explaining annual lake 
fluctuations.  In the absence of significant ground water terms, the differential equation for the 
water balance of Devils Lake is:   
𝑑𝐿𝑉
𝑑𝑡
 = R + PLA – ELA      [1] 
where LV is the lake volume (km
3), t is time, R is the surface runoff into the lake (km3), P is the 
direct precipitation onto the lake surface (m), LA is the lake area (km
2), and E is the evaporation 
from the lake surface (m).  In most years, direct precipitation onto the lake surface is the major 
input to the lake water balance.  In a small percentage of years surface runoff of spring snowmelt 
provides the majority of water input to the lake; this can result in sudden and dramatic rises in 
lake volume (Fig. 2).  Direct evaporation from the lake, however, exceeds direct precipitation 
onto the lake by about 240 mm a year.  Therefore, the lake volume time series is marked by 
sudden rises, followed by long protracted drawdowns (Vecchia 2008).  Precipitation-runoff 
relationships in the upper basin are strongly non-linear, highly dynamic in time, and subject to 
thresholds and lags due to basin memory effects; these aspects of the basin and lake hydrology 
have not been thoroughly investigated to date (Shook and Pomeroy 2011).   
3 Data and methods  
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3.1 Lake hypsometry and lake volume time series 
 Observations of LL for Devils Lake include sporadic field surveys prior to 1901, annual 
measurements from 1901-1930, monthly measurements from 1931-1965, and daily gauge 
readings from 1965 to the present (USGS 2013).  The USGS installed a permanent gauge along 
Creel Bay in 1965 at 48°05’58”N and 98°54’10” W.  The complete lake hypsometry defining the 
relationships between lake level, lake area, and lake volume are normally not known for closed 
lakes, but are available for Devils Lake.  Tables of LL-LA and LL-LV relationships for lake levels 
between 426.7-445.6 m (1400.0-1462.0 feet) were obtained from the USGS (2014) and used to 
create a LV time series from the historical LL series.  Lake levels on 30 June were used in order 
to create the longest and most serially uniform annual lake volume time series possible. 
3.2 Monthly precipitation and air temperature data 
 Monthly precipitation and mean monthly maximum and minimum air temperature were 
obtained from the PRISM web page for the period 1895-2011 (www.prism.oregonstate.edu) by 
interpolating values from the PRISM database based upon the coordinates of the USGS gaging 
station on Devils Lake.  PRISM data has been previously validated (Daly et al. 2008), and has 
been used extensively in hydroclimatological investigations (Sankarasubramanian and Vogel 
2003; Small et al. 2006; Crimmins et al. 2011).  Its use in providing a first-order assessment of 
the precipitation and temperature profile of the Devils Lake Basin is justified.  First, the 
differential equation governing the lake water budget contains direct precipitation onto the lake 
surface (Mason et al. 1994).  Areal precipitation within the closed lake basin is amplified into 
runoff (R) through soil moisture, which integrates basin precipitation and evapotranspiration and 
controls runoff in space and time.  Second, the climatological gradients of mean precipitation and 
temperature vary gradually over short distances in the Great Plains Region of the United States 
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(Rosenberg 1986), and there is very limited topographical relief within the basin (Wiche and 
Pusc 1984).  Finally, even at its current historical maximum lake area is only about 8% of total 
basin area, so a single point representation of the open water lake environment is a sufficient 
first-order approximation. 
3.3 Water balance model 
The water balance is a fundamental concept in hydroclimatology.  Water balance 
modeling provides a quantitative framework for understanding the physical relationship between 
climatic and hydrologic variables, and how the temporal variability of soil moisture storage 
controls the partitioning of precipitation into evapotranspiration and runoff (Hay and McCabe 
2002).   This study uses the monthly water balance model implementation of McCabe and 
Markstrom (2007) driven by the monthly temperature and precipitation data described in Section 
3.2.   
The model includes six input parameters: runoff factor (fraction), direct runoff factor 
(fraction), soil moisture storage capacity (mm), rain temperature threshold (°C), snow 
temperature threshold (°C), maximum snowmelt rate of snow storage (fraction).  All six input 
parameters were set to their default values since sensitivity tests showed that model results varied 
little across a wide range of input parameter values (Hay and McCabe 2002).  One of the study 
sites used for model development and sensitivity tests was the Sheyenne River near 
Cooperstown, immediately south of the Devils Lake Basin.  That station also showed little 
sensitivity of model results to the range of input parameter values, so no new sensitivity analyses 
were conducted for the Devils Lake Basin.   
The model first divides monthly precipitation into separate rain and snow components 
based upon the monthly precipitation, monthly mean air temperature, and the rain and snow 
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temperature threshold input parameters.  The snow component accumulates as snow storage, 
while a small portion of the rain component is abstracted as determined by the direct runoff 
factor input parameter.  The non-abstracted rain component is added to monthly snow melt to 
compute the monthly total liquid water input to soil moisture storage.  This monthly snow melt 
total is dependent upon the monthly snow storage, and a snow melt factor, which is based upon 
the monthly mean air temperature, the rain and snow threshold temperature input parameters, 
and the maximum snowmelt rate of snow storage input parameter.   
The calculation of potential evapotranspiration is based upon the Hamon equation, which 
includes a saturated water vapor density term determined from mean monthly air temperature, 
and a daylight hour term based upon station latitude.  Actual evapotranspiration is dependent 
upon the monthly total liquid water input to soil moisture storage, potential evapotranspiration, 
and soil moisture storage.  The withdrawal of soil moisture to meet actual evapotranspiration 
proceeds as a linear function of the ratio of soil moisture storage to the soil moisture storage 
capacity.   For the actual governing equations, and model calculations of variables not used in 
this analysis, the reader is referred to Hay and McCabe (2002), Wolock and McCabe (1999) and 
McCabe and Markstrom (2007).  
Wolock and McCabe (1999) compared modeled versus measured monthly runoff for 344 
climate divisions in the United States, while Hay and McCabe (2002) conducted similar 
validations for 44 individual stations.  Wolock and McCabe (1999) found that the fundamental 
factors affecting the timing and magnitude of mean annual runoff – water supply, water demand, 
seasonality of water supply and water demand, and soil moisture storage – were successfully 
captured by the model.  The adjusted R-square for mean annual runoff was 0.93 for the 344 
climate divisions.  The station analysis of Hay and McCabe (2002) showed similar results, with 
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adjusted R-square values  0.50 for monthly modeled versus measured runoff for 37 of the 44 
stations.  The poorest results were found for stations in the north central United States, and the 
glaciated plains.  Hay and McCabe (2002) attribute this to the flat terrain, low runoff totals, and 
low ratio of runoff to precipitation for the region.  Another significant explanatory factor 
concerns the unique hydrology of the glaciated northern prairies.  Surface runoff in this region 
drains into innumerable local wetland depressions that were created during the last glaciation.  
Each depression must fill before it can begin to contribute runoff to lower sub-basins.  A 
majority of many prairie regions consist of these non-contributing depressions that normally do 
not have a direct hydrological connection to a river network.  As wetland water levels rise and 
fall the hydrological connection between adjacent wetlands are formed and broken.  Thus, the 
drainage basin area contributing runoff to a stream gage varies dynamically with the water level 
and hydrological connectivity of the numerous wetland depressions.  The contributing area to 
measured streamflow varies dynamically, is highly non-linear, and subject to thresholds of water 
storage and hydrological connectivity.  Measured streamflow may show little increase although 
much local surface runoff is being produced, because local depressions are not yet filled or not 
hydrologically connected.   Similarly, measured streamflow may show a sudden and significant 
increase with only a modest increase in local surface runoff (Shook and Pomeroy 2011; 
Ehsanzadeh et al. 2012; Shaw et al. 2012).   
We assume that the McCabe and Markstrom model (2007) effectively models basin soil 
moisture conditions, and that the weak model validation results for measured streamflow are due 
to the unique nature of the ‘fill-spill hydrology’ for the northern prairie region (Shaw et al. 
2012).  Therefore, only the climatic and soil moisture-based model output variables are used in 
this analysis. Model-based moisture indices are useful indicators of regional moisture conditions, 
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are directly related to important water resource variables such as runoff and groundwater 
recharge, and are effective in integrating the multiple dimensions of climate variability upon 
regional hydroclimatic variations (McCabe and Wolock 2002).  These indices include calendar 
year estimates of annual potential evapotranspiration (PET, mm), annual precipitation minus 
mean annual potential evapotranspiration (PMPE, mm), annual actual evapotranspiration (AET, 
mm), annual deficit (PET-AET, mm), ratio of annual AET to annual PET (AET/PET, fraction), 
mean monthly soil moisture storage (SM, mm), annual moisture index (IM100, -100  IM100  
100), and annual index of dryness (PET/P, fraction).  All precipitation and water budget analyses 
run through water year 2011, the last year in which the combined artificial discharge from the 
two outlets was insignificant.   
3.4 Hurst rescaling of geophysical serial data  
Outcalt et al. (1997) present a method of Hurst rescaling that can be used to identify 
distinct physical regimes in geophysical time series.  The method has been used to identify 
regime transitions and changes in the homogeneity of time series (Runnalls and Oke 2006; 
Todhunter 2012).  The mean of the original geophysical time series is subtracted from each of 
the n observations in the series.  This series of deviations from the mean is accumulated to create 
a transformed time series (Ri). 
 The transformed time series can be plotted and visually inspected for regime transitions.  
An ascending (descending) trace indicates a period of above average (below average) time series 
values, where the steepness of the slope is related to the rate of deviations from the mean.  
Inflection points in the plotted time series indicate regime transitions from periods of positive to 
negative cumulative deviations from the mean (or vice versa). 
The adjusted range of the transformed time series is calculated:  
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Rn = Rmax – Rmin      [2] 
The transformed time series is then normalized to create a normalized time series (NRi) ranging 
from 0 to 1.0: 
 NRi = (Ri – Rmin) / Rn      [3] 
The graphical plots of the Ri and NRi times series are much easier to interpret than the original 
time series, and present a more consistent means of decomposing a time series into more 
homogeneous subsets.  Use of the NRi time series is particularly advantageous for this study 
since it allows a direct comparison of separate geophysical time series having different metrics, 
starting and ending dates, and periods of record (Outcalt et al. 1997).  Outcalt et al. (1997) 
estimate the Hurst exponent (H) as follows: 
 H = log [Rn / Sn] / log n     [4] 
where Rn is defined in equation [2], Sn is the standard deviation of the time series, and n is the 
number of observations in the time series.  The Hurst exponent is a measure of persistence or 
long-term temporal correlation in a geophysical time series, with values often ranging from 0.5 
to 1.0.  A value of H near 0.5 indicates chaotic effects and an absence of long-term temporal 
correlation, while a value of H near 1.0 indicates extreme persistence (Outcalt et al. 1997).   
4 Results  
4.1 Lake volume time series 
The composite LV (km
3) time series is shown in Figure 2. At the time of first European 
contact the lake was decreasing in size, and reached a minimum LV volume (area) of 0.045 km
3 
(34.7 km2) on 30 October 1940.  The lake experienced a general but sporadic lake expansion 
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through 30 September 1992 when lake volume (area) reached 0.704 km3 (179.9 km2).  Over the 
past two decades Devils Lake has been characterized by explosive growth, attaining a LV (area) 
of 4.003 km3 (694.6 km2) on 31 January 2014.  In mid-1999, when Devils Lake had a LV of 
about 2.921 km3, it became hydrologically connected to Stump Lake, a separate saline lake to the 
east.  Although the two lake systems formed a single lake after that time, this analysis will only 
consider the Devils Lake portion of the combined lake system after 1999.   Lake volume at 
Devils Lake never reaches a steady-state condition, but is continuously adjusting to fluctuations 
in lake inputs, a hydrological feature exhibited by many closed lake systems (Mohammed and 
Tarboton 2011; Mason et al. 1994).   
A histogram of monthly lake volumes is presented in Figure 3 for the period 30 January 
1931 through 31 January 2014 (N = 974).  Figure 3 shows the number of occurrences of LV 
within predefined bins of fixed interval width; the histogram shows a distribution of lake 
volumes that is consistent with the multimodality of hydroclimatic regimes present in the 
paleohydrological record (Mohammed and Tarboton 2011). 
4.2 Annual precipitation and mean annual air temperature  
 Time series for the annual precipitation and mean annual air temperature are shown in 
Figure 4 for the period 1896-2011 (N = 116). Both variables are evaluated over a water year 
running from 1 October – 30 September.  The high degree of interannual variability in the 
precipitation and air temperature regimes that characterizes the Great Plains is evident in the 
scatter of points (Rosenberg 1986).  A nine-term binomial filter was fitted to each series to 
reduce the high frequency noise associated with interannual variability, and to better identify 
runs of wetter and drier spells.  Linear regression analysis results indicate statistically significant 
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trends toward increasing annual precipitation (b = 59.8 mm per century, p<0.05) and warmer 
mean annual air temperatures (b = 1.36°C per century, p<0.01).  
4.3 Water balance data 
 We present results from three water balance variables.   The first variable, PMPE, is a 
measure of water surplus, and is equal to annual precipitation (P) minus annual potential 
evapotranspiration (PET).  Wolock and McCabe (1999) found that mean annual PMPE explained 
91 percent of the spatial variation in mean annual streamflow for the 344 climate divisions in the 
conterminous United States, and is an effective single measure of how regional water surplus 
determines regional surface runoff.  The PMPE water year time series for the period 1895-2011 
is shown in Figure 5a.  Positive totals indicate humid years (P>PET), while negative totals occur 
during sub-humid years (P<PET).  Figure 5a reveals a high degree of interannual variability; 
PMPE is negative most years, although numerous positive PMPE years do occur.  Interdecadal 
time scale variation of PMPE, shown by the thick black curve in Figure 5a, is nearly always 
negative, although dry spells of greater or lesser intensity do occur.  The overall trend is positive, 
but not statistically significant because a downward trend in the first half of the series is followed 
by an upward trend in the latter half. 
The second variable, PET-AET, is a measure of the annual water deficit, and is equal to 
the annual PET minus the annual actual evapotranspiration (AET).  It is an indicator of the 
climatic demand for water relative to the climatic supply.  The annual deficit (PET-AET) is 
shown in Figure 5b, and has a lower bound of zero.  Positive deficit values indicate years when 
precipitation and stored soil moisture are unable to meet the atmospheric demand for water, with 
larger positive values of PET-AET corresponding to years with increasing soil dryness.  PET-
AET also provides a comparison of the magnitude of water supply relative to water demand, but, 
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unlike PMPE, directly incorporates soil moisture availability.  Interannual- and interdecadal-
scale variability is evident (Fig. 5b); a long-term downward trend is found, but is not statistically 
significant, as an earlier trend toward increasing soil dryness is followed by a later trend toward 
decreasing soil dryness. 
The third variable, SM, is the mean annual soil moisture content (mm).  Soil moisture is a 
fundamental hydrological variable that regulates the conversion of moisture delivery (rain, 
snowmelt) into hydrological output (streamflow, lake levels).  Greater persistence of mean 
annual soil moisture content is observed since low or high soil moisture content in year i-1 will 
be carried over into and correlated with low or high soil moisture content in year i.  A prolonged 
period of lower mean soil moisture content separates periods of higher mean soil moisture 
content in the earlier and later portion of the time series.   
4.4 Normalized transformed geophysical serial data 
 Normalized transformed time series plots of water year precipitation (PWY), calendar year 
mean monthly soil moisture storage (SM), and 30 June lake volume (LV), are shown in Figure 6.  
These variables were chosen because they correspond most directly to the three basic categories 
of moisture status – meteorological, agricultural, and hydrological (Wilhite and Glantz 1985), 
and because soil moisture regulates the translation of moisture input into hydrological output.  
The plots reveal the presence of inflection points within each time series, and provide a 
comparison of the trend and timing of the cumulative deviations of each time series from its 
respective mean value. 
   The normalized LV plot shows a continuous accumulation of negative deviations below 
the long-term mean from 1901 until reaching a minimum in 1980.  Although lake level reached a 
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minimum near 1940 (Fig. 2), the cumulative deviations of lake level below the long-term mean 
continued to be negative through 1980.  In 1993, the normalized LV series began an abrupt and 
rapid positive accumulation of deviations from the long-term mean value, reaching a maximum 
value in 2013.   There is about a 15-year lag between the downward and upward LV deviation 
pattern, and is due to the substantial hydrological inertia present in closed lake systems (Street 
1980; Mason et al. 1994).  The normalized plots of water year precipitation (PWY) and mean 
monthly soil moisture storage (SM) show similar patterns.  The PWY plot has an inflection 
between positive and negative deviations from the long-term mean in 1906, followed by a 
general accumulation of negative deviations lasting until 1980.  PWY values then begin a rapid 
accumulation of positive deviations to the end of the time series.  The plot of the normalized SM 
series is very similar to the PWY series, only with a lagged inflection point occurring in 1916.  
The normalized PWY and SM plots exhibit interdecadal-scale variability during the downward 
trends ending in 1980, as well as during the upward trends continuing to the end of each series.  
 Other water balance variables show similar patterns to the SM trace in Figure 6.  Water 
surplus (PMPE) and water deficit (PET-AET) are mirror opposites of one another (Fig. 7), and 
share inflection points in 1916 and 1980. 
5 Discussion 
Climatic variations across interannual and interdecadal time scales have received 
significant attention, yet it is the multi-decadal to century time scale variation that has the 
greatest impact upon water resources management and societal impacts (Stockton 1990).  In his 
stochastic simulation of future lake levels at Devils Lake, Vecchia (2008) assumed that the long-
term time series was consistent with a two-state climate model marked by abrupt transitions 
between two multi-decadal climatic modes.  The year 1979 was identified as one such dry to wet 
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phase transition (Vecchia 2008).  Our analysis provides an objective means of examining multi-
decadal and century-scale climate change within a historical record, and identifies a 
hydroclimatic regime change that is consistent with the multi-modality of climatic modes so 
prominent within the Devils Lake paleolimnological record.   
Our use of cumulative deviations from the long-term mean to identify transition years 
between distinct hydroclimatic regimes produces results consistent with the pattern of abrupt 
regime changes found in the paleolimnological record, and is in agreement with the analysis of 
Vecchia (2008), although it identifies 1980 as the transition year (Fig. 6).  Our work provides a 
more objective basis for determining the regime change point, uses a much longer period-of-
record, employs a more diverse set of hydroclimatic variables, and provides a more complete 
characterization of the mean hydroclimatic conditions for the two climatic modes (Table 1).  
Mode 1, the longer and drier phase, runs from 1907-1980, while the shorter and wetter phase, 
mode 2, extends from 1981-2011. 
We also provide a rational characterization of the two climatic modes that, when 
sustained over long periods of time, produce profound changes in lake hydrology.  Mode 2 water 
year mean annual precipitation (PWY) is 84 mm (20%) greater than for mode 1, with 63 mm of 
this increase occurring during the five-month warm season of May-September (PWS, Table 1).  
This result is anticipated for a station with a continental precipitation regime (Jensen 1972).  
Although mean annual air temperature is 0.76°C warmer for mode 2 than for mode 1, most of the 
warming occurs during the cold season (1.32°C) when monthly PET values are generally below 
10 mm.  Mode 2 mean annual potential evapotranspiration is only marginally higher (15.8 mm) 
because the warm season warming (0.46°C) is less significant, and the PET computational 
procedure is insensitive to that small of a change in mean monthly air temperature.  The large 
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increase in PWY relative to PET for mode 2 versus mode 1, however, results in a 54% reduction 
in the mode 2 mean PMPE value.   The wetter mode 2 hydroclimatic regime experiences 
increased mean annual evapotranspiration (AET: 70 mm, +17%), reduced mean annual deficit 
(PET-AET: -54 mm, -38%), and increased mean monthly soil moisture (SM:  38 mm, +62%).  
The three mean annual moisture indices – AET/PET, IM100, and PET/P – also show mode 2 to 
be a significantly less dry hydroclimatic mode.   
Although most (but not all) of the years during mode 2 still classify as sub-humid years 
on an annual basis, modest increases in winter snowfall and spring temperatures sustained over 
the long term can lead to dramatic changes in the basin hydrological conditions during the spring 
(Table  1).  Increased winter snowfall, more rapid spring snowmelt, frozen soils  
inhibiting significant infiltration, increased wetland water storage totals, and greater  
connectivity of wetland depressions can produce dynamic and non-linear increases in streamflow 
totals (Shaw et al. 2012; Ehsanzadeh et al. 2012; Kluver and Leathers 2015).  
Interannual and interdecadal variability in the climatic supply and demand for water at 
the surface environment produces fluctuating patterns of meteorological, soil moisture, and 
hydrological states that are commonly out of phase with one another, exhibit significant lags, and 
can even be of different signs (Wilhite and Glantz 1985).  During periods of multi-decadal to 
century-scale dry or wet phases, however, a more consistent relationship may develop between 
meteorological, soil moisture, and hydrological variables such as illustrated in Figures 6 and 7. 
The normalized transformed water year precipitation amount (PWY) trace has inflection points in 
1906 and 1980, and is the primary long-term driver of hydroclimatic change for this climatic 
region.  The mean monthly soil moisture trace (SM) lags the PWY trace by about five years 
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during the declining phase and for most of the rising phase of the PWY trace.  The LV trace is 
generally in-phase with the PWY and SM traces during the falling phase, and experiences a flat 
bottoming out from about 1980 to 1993.  It then lags the other two traces by about 15 years, 
before becoming in-phase with them about 2005.  Estimates of the Hurst exponent (H) show that 
the PWY time series exhibits mild persistence (H=0.66), while a higher level of persistence is 
found for mean monthly soil moisture content (H=0.72), and even stronger persistence for lake 
volume (H=0.78).  The strong persistence found in closed lake systems helps explain the slow 
and delayed response of lake volume to changes in the equilibrium climate as seen in Figure 6 
(Mason et al. 1994).  The long-term timing between the phases of the PWY, SM and LV traces 
during the falling and rising limbs is generally consistent with a pattern of precipitation serving 
as the primary driver of hydroclimatic change, with soil moisture and lake volume lagging in 
time (Wilhite and Glantz 1985).  Small departures between the trace phases is not unexpected, 
however, as strong hysteresis effects have been found between precipitation input and 
streamflow runoff during wetting and drying periods in northern prairie environments (Shook 
and Pomeroy 2011). 
 Regional soil moisture serves as a regulator between precipitation inputs and runoff 
response.  Small but sustained precipitation increases (decreases) sustained over multi-decadal to 
century time scales appear to be amplified into much larger than normal moisture surpluses 
(deficits) and greatly increased (decreased) runoff (Garbrecht et al. 2004; Ryberg et al. 2014).  
These amplifications may be sufficient to explain the historical lake fluctuations at Devils Lake, 
independent of any basin land use/land cover changes that may have occurred.  Natural climatic 
variability in the northern Great Plains may be so large as to make detection of climate signal 
resulting from anthropogenic climate change difficult.  Alternatively, should anthropogenic 
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climate change impact the nature or duration of the two climatic modes in this region, the effect 
upon future lake volumes might be profound. 
6 Conclusions  
 Three long-term hydroclimatological datasets were examined to investigate the 
relationship between precipitation, soil moisture, and lake volume variations at Devils Lake over 
the historical record.  The three datasets show physically-consistent and coherent temporal 
patterns over the historical record, and provide more complete documentation of how natural 
hydroclimatological variability has been a primary driver of the dramatic changes in LL, LA, and 
LV observed during the 20
th Century at Devils Lake.  Interannual- and interdecadal-scale climatic 
variability are superimposed upon two longer-term climatic modes, a longer and drier mode and 
a shorter duration and wetter mode, that are the key drivers of long-term lake volume 
fluctuations.  Future work is needed to investigate the positive feedback processes by which 
long-term regional precipitation fluctuations are amplified into lake volume fluctuations, to 
determine the contribution of basin land use changes to increased surface runoff to the lake 
(Tomer and Schilling 2009), and to explore the link between teleconnection patterns and 
hydroclimatic variations in the northern Great Plains (Kluver and Leathers 2015). 
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TABLES 
Table 1 Comparison of mean hydroclimatic conditions for mode 1 (1907-1980) and mode 2 
(1981-2011). Variables are: annual water year precipitation (PWY), annual cold season 
precipitation (PCS), annual warm season precipitation (PWS), mean annual water year air 
temperature (TWY), mean annual cold season air temperature (TCS), mean annual warm season air 
temperature (TWS), annual potential evapotranspiration (PET), annual precipitation minus annual 
potential evapotranspiration (PMPE), annual actual evapotranspiration (AET), annual potential 
evapotranspiration minus annual actual evapotranspiration (PET-AET), mean annual soil 
moisture (SM), ratio of annual actual evapotranspiration to annual potential evapotranspiration 
(AET/PET), annual moisture index (IM100), and the index of dryness (PET/P).  The five-month 
cold season is from November through March; the five-month warm season is from May through 
September. PET, PMPE, AET, PET-AET, SM, AET/PET, IM100 and PET/P are calendar year 
totals; PWY, PCS, PWS, TWY, TCS, and TWS are water year totals. 
 
 
Variable 
  
 
PWY 
(mm) 
 
PCS 
(mm) 
 
PWS 
(mm) 
 
TWY 
(°C) 
 
TCS 
(C) 
  
 
TWS 
(C) 
 
 
PET 
(mm) 
 
1907-1980 
 
 
421.6 
 
80.1 
 
290.6 
 
3.62 
 
-9.92 
 
16.35 
 
545.5 
 
1981-2011 
 
506.0 
 
86.8 
 
353.7 
 
4.38 
 
 
-8.60 
 
16.81 
 
561.3 
 
Variable 
 
PMPE 
(mm) 
 
AET 
(mm) 
 
PET-
AET 
(mm) 
 
SM 
(mm) 
 
AET/PET 
(fraction) 
 
IM100 
 
 
PET/P 
(fraction) 
   
  1907-1980 
 
 
-124.3 
 
405.1 
 
140.4 
 
60.9 
 
0.746 
 
-22.5 
 
1.35 
 
  1981-2011 
 
 
 
-56.7 
 
474.7 
 
 
  86.6 
 
98.6 
 
0.848 
 
-10.2 
 
1.16 
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Figure Captions 
Fig. 1 Location of Devils Lake Basin, North Dakota (USA).  Lake extent is ca. 1999.  Large, 
lake open water surfaces are shown in black; small, wetland open water surfaces are shown 
in gray.  The Sheyenne River Basin is to the immediate south. Source: Sethre et al. (2005) 
 Fig. 2 Lake volume (km3) time series at Devils Lake, North Dakota, through 31 January 2014. 
The values shown include occasional observations prior to 1901, annual readings through 
1930, and monthly values to the present. Source: USGS (2013) 
Fig. 3 Histogram of lake volume (km3) derived from lake level measurements and lake level-lake 
volume bathymetry tables. The time series consists of monthly totals from 30 January 1931 
through 31 January 2014 (N = 974). Source: USGS (2013, 2014) 
Fig. 4 Water year annual precipitation time series (PWY, mm) (a); Water year mean annual air 
temperature time series (TWY, °C) (b).  The period is 1896-2011 (N=116 years).  Individual 
years are shown with a plus sign; the nine-term binomial filter of each series is shown as a 
solid curve; trend lines (dashed) are included with regression statistics. 
Fig. 5 Annual precipitation minus annual potential evapotranspiration (PMPE) for Devils Lake, 
ND (a); Annual potential evaporation minus annual actual evapotranspiration (PET-AET) 
for Devils Lake, ND (b); Mean annual soil moisture (SM) for Devils Lake, ND (c).  All time 
series are for water years 1895-2011. Individual years are shown with a plus sign; the nine-
term binomial filter of each time series is shown as a solid curve; trend lines (dashed) are 
included with regression statistics.  
Fig. 6 Normalized transformed time series plots of lake volume (dashed, 1901-2013), water year 
precipitation (1896-2013), and mean monthly soil moisture storage (1895-2011).  The 
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vertical dot-dashed line marks the regime transition occurring in 1980. 
Fig. 7 Normalized transformed time series plots of PMPE and PET-AET, 1895-2011.  The 
vertical dashed line marks the regime transition occurring in 1980. 
 
